Background: Outer membrane protein D (PD) is a highly conserved and stable protein in the outer membrane of both encapsulated (typeable) and non-capsulated (non-typeable) strains of Haemophilus influenzae. As an immunogen, PD is a potential candidate vaccine against non-typeable H. influenzae (NTHi) strains. Objectives: The aim of this study was to determine the cytokine pattern and the opsonic antibody response in a BALB/c mouse model versus PD from NTHi as a vaccine candidate. Methods: Protein D was formulated with Freund's and outer membrane vesicle (OMV) adjuvants and injected into experimental mice. Sera from all groups were collected. The bioactivity of the anti-PD antibody was determined by opsonophagocytic killing test. To evaluate the cytokine responses, the spleens were assembled, suspension of splenocytes was recalled with antigen, and culture supernatants were analyzed by ELISA for IL-4, IL-10, and IFN-γ cytokines. Results: Anti-PD antibodies promoted phagocytosis of NTHi in both immunized mice groups (those administered PD + Freund's and those administered PD + OMV adjuvants, 92.8% and 83.5%, respectively, compared to the control group). In addition, the concentrations of three cytokines were increased markedly in immunized mice. Conclusions: We conclude that immunization with PD protects mice against NTHi. It is associated with improvements in both cellular and humoral immune responses and opsonic antibody activity.
Background
Haemophilus influenzae is a pleomorphic, Gramnegative bacterium that causes disease exclusively in humans (1) . Non-typeable Haemophilus influenzae (NTHi) lacks a poly saccharide capsule (distinguishing it from encapsulated forms, such as type b) and is present as a commensal in the pharynx of up to 75% of healthy adults. It is also a major cause of respiratory tract infections in both developed and non-industrialized countries (2). The success of this organism as a commensal and a pathogen is due to its ability to attach to the mucous membranes and to adapt by varying both its proteins and its enzymes in response to host defense mechanisms (3). In the context of infections, it has the capacity to live intracellularly, particularly in macrophages (4, 5). A different set of challenges to developing a vaccine against NTHi are the antigenic heterogeneity of several of its major surface antigens and the genetic heterogeneity among strains.
Non-typeable Haemophilus influenzae strains express multiple outer membrane proteins (OMPs) . Several of the OMPs from NTHi have been isolated, characterized, and eliminated as vaccine candidates because of variable expression, epitope heterogeneity, or other specifications (6). At this time, one OMP of NTHi protein D (PD), an approximate 42-kDa lipoprotein is a highly conserved lipoprotein that is present in both NTHi and type b H. influenzae strains (7). Protein D is not by description an adhesion; however, it indirectly promotes bacterial adhesion and invasion due to glycerophosphodiester phosphodiesterase (GlpQ) activity, and it has also been proven to promote bacterial internalization into human monocytes (8-11).
Due to the properties of PD such as surface localization, antigenic conservation, and pathogenicity it is currently being considered as a vaccine candidate against infections caused by NTHi, and it has demonstrated notable efficacy in preventing infections of H. influenzae (12). So far, the adaptive immune response to PD has not been well defined. The adaptive immune response is mediated by Thelpers, and the relative amounts of IFNγ and IL4 are indicators of a predominantly Th1 and Th2 response, respectively. Adaptive immune responses also result in the production of immunoglobulin G (IgG) (13).
Objectives
In the present study, PD adjuvanted with Freund's and OMV was injected into the experimental mice. Freund's adjuvant is a solution of antigen emulsified in mineral oil and used as an immunopotentiator (booster), and OMV is an adjuvant of microbial origin, which is produced by Gramnegative organisms during growth (14, 15) . To characterize the immune response, we measured the bioactivity of anti-PD antibody in sera and the production of cytokines in the splenocytes of the immunized mice.
Methods

Bacterial Strain
The NTHi standard strain ATCC 49766 was used in this study. This strain was prepared at the Pasteur institute of Iran (Tehran, Iran) and was used for opsonophagocytic assays as a source of antigen. Strain 49766 was cultured on chocolate agar plates and incubated at 37°C and 5% CO 2 for 24 hours.
Protein D
In a previous study, PD from NTHi standard strain ATCC 49766 was cloned, expressed, and purified (Forthcoming).
Experimental Groups and Immunization Procedures
Six to eight-week-old female BALB/c mice (weighing 18 -20 g) were obtained from the breeding stock maintained at the Razi vaccine and serum research institute of Karaj, Iran. Mice were housed for one week before the experiments and given free access to food and water. All experiments were in accordance with the animal care and use protocol of the Pasteur institute of Iran. These inbred mice were assigned into three different groups. Each group contained five mice, as described below: The booster injections were administered on the 14th and 28th days following the first injection via subcutaneous route. The immunized mice were bled on days 14, 28, and 42. The immune sera were separated, pooled, and kept at -20°C until further experiments.
Opsonophagocytic Assay
The test was performed according to the method of Pier et al., with some modifications (16) . Briefly, a bacterial suspension (standard NTHi strain) was prepared at an approximate concentration of 2 × 10 7 CFUs/mL in 1% BSA (Santacruz). Mouse macrophages were used at a final concentration of 2 × 10 7 cell/ml in complete RPMI-1640 (Gibco). Baby rabbit serum (Pasteur Institute, Tehran, Iran) was used as a complement source. Three different dilutions (1:4, 1:8, and 1:16) of the pooled sera of each group were used. The complement of the experimental sera was inactivated by heating at 56°C for 30 minutes. For the opsonophagocytic assay, at the first, we incubated 100 µL of bacteria (2 × 10 7 cells per well) with an equal volume of diluted mouse serum at 22°C for 90 minutes, then rinsed twice with PBS + BSA 1% for elimination of excess antibodies.
Following suspension with 200 µL PBS + BSA, 100 µL from the mouse macrophage and the complement were mixed in a sterile 48-well plate and then incubated on a shaker at 37°C for 90 minutes. Soon thereafter (time 0) and after 90 minutes, 25 ml of the sample was removed and diluted in 225 µL of saline. Finally, 10 µL from the samples was plated on chocolate agar medium for bacterial enumeration. The plates were incubated overnight at 37°C. Normal mouse serum (NMS) and normal rabbit serum (NRS) (in a 1:4 dilution) were used as a pre-immune serum (control). The opsonic killing activity of immune sera was statistically compared to pre-immune sera. This experiment was performed in duplicate for each quantity. The percent kill was calculated as follows: Opsonophagocytosis (%) = [1-(CFU of immune serum/CFU of pre-immune serum)] × 100.
Splenocytes Culture and in Vitro Immunization
Mice were sacrificed at day 42, and their spleens were collected. Splenocytes were isolated for enzyme-linked immunosorbent assay (ELISA), and cytokine production was analyzed. Spleens were harvested in RPMI-1640 medium and minced, and RBCs (red blood cells) were lysed with Tris-buffered ammonium chloride. The remaining cell pellets, representing the total splenic mononuclear cell population, were re-suspended in complete RPMI-1640 medium.
These were seeded in duplicate (3 × 10 5 cells per well) in a 96-well flat-bottomed plate (BD Biosciences) and were stimulated separately with specific antigen (PD; 10 µg/mL) and non-specific mitogen Concanavalin A (Con-A; 5 µg/mL) as a positive control. The plates were incubated at 37°C in 5% CO 2 for 72 hours, and then the culture supernatant was harvested and stored at -70°C until use.
Cytokine Patterns on Splenocyte Culture Supernatant
To examine the level of the Th1-type cytokine (IFN-γ) and Th2-type cytokines (IL-4 and IL-10), commercially available quantitative ELISA assay kits (mouse IFN-γ, IL-4, and IL-10 kits, eBioscience-BMS606-BMS613-BMS614, USA) were used according to the manufacturer's protocol. Briefly, standards or samples were added to microtiter plates coated with a monoclonal antibody specific to the cytokine of interest, and plates were incubated for two hours at room temperature. After washing, 100 µL of Streptavidine-HRP (horse-radish peroxidase) was added to each well, and the plates were incubated for one hour and washed. A substrate solution (TMB) was then added, and the plates were incubated for 20 minutes. The reaction was terminated by the addition of stop solution, and optical density was read at 450 nm. Cytokine concentration was calculated as pg/ml according to standard curves.
Statistical Analysis
All experiments were performed in duplicate, and the data was expressed as means ± of each experiment. Statistical analyses were carried out by one-way analysis of variance (ANOVA), which was used to compare the differences between the mean values of experimental groups using Prism Software. P values less than 0.05 were considered statistically significant.
Results
Opsonophagocytic Killing Activity of Antisera to Protein D Against Non-Typeable H. influenzae
In order to determine the functional activity of the anti-PD antibody in vitro, its ability to promote phagocytosis of NTHi was evaluated by incubating NTHi strain ATCC 49766 with different dilutions of antiserum and healthy mouse macrophages in the presence of rabbit complement. Sera obtained from immunized groups of mice with PD were analyzed by the opsonophagocytic killing test and compared to sera from the control group. In the presence of normal mouse serum (control group), the number of viable bacterial cells slightly (9.09%) decreased, and limited opsonophagocytic killing activity was observed. The results of the opsonophagocytic assay for antibodies against NTHi are shown in Figure 1 . The level of opsonophagocytic activity against NTHi in the control group was significantly lower than that of immunized groups (P < 0.05). Clear booster effects were seen after the second injection on day 14, and strong booster effects were seen after the third injection on day 28. Non-typeable H. influenzae strain ATCC 49766 was incubated with different dilutions of experimental sera and macrophages of normal mice in the presence of rabbit complement. A remarkable increase in opsonophagocytic killing activity was observed in serum 3 from group I compared to group II (P = 0.0262).
The anti-PD + Freund's adjuvant antibody (group I) promoted phagocytosis of NTHi, and the number of viable bacterial cells decreased over 80%, whereas this value was over 70% for the anti-PD + OMV adjuvant antibody group (group II) after 90 minutes in serum 3 (P = 0.0262). The opsonophagocytic killing activity of anti-PD + Freund's adjuvant antibody on day 42 (serum 3) was higher than that of serum 1 and serum 2 (P = 0.0001 and P = 0.0076, respectively). In addition, the bioactivity of opsonin antibody in serum 2 was higher than in serum 1 in the same group (P = 0.0001). The opsonophagocytic activity of the anti-PD + OMV adjuvant antibody in serum 3 was greater than that of serum 1 and serum 2 (P = 0.0001 and P = 0.0114, respectively). In addition, the level of opsonophagocytosis in serum 2 was slightly higher than in serum 1 (P = 0.0008). Nevertheless, there was no statistically significant difference among the groups in terms of serum 1 and serum 2 (P > 0.05). As a result, these data indicate that anti-PD antibody acts as a potent opsonic factor for killing of NTHi and protects the body against infections caused by H. influenzae.
Cytokine Responses
Quantitative ELISA assays were applied to detect IFN-γ, IL-4, and IL-10 cytokines secreted by splenocytes of the immunized mice upon recall with PD for three days. In comparison with the negative control group, the level of cytokines increased markedly in the experimental groups following stimulation with PD (P = 0.0001; Figure 2 ). There was a significant difference in the production of IFN-γ in response to the non-specific mitogen Con-A and PD in both immunized groups (P = 0.0001). The production rate of IFN-γ secreted by splenocytes following stimulation with PD in group I (PD + Freund's adjuvant) was higher than the rate in group II (PD + OMV adjuvant) (P = 0.0023; Figure 2A) .
A significant difference was observed in the secretion of IL-4 in response to the non-specific mitogen Con-A and PD in group I and group II (P = 0.0068 and P = 0.0001, respectively). The production of IL-4 from splenocytes stimulated with PD in group I was higher than in group II (P = 0.0035; Figure 2B ). A considerable difference was seen in the production of IL-10 in response to the non-specific mitogen Con-A and PD in group I and group II (P = 0.0302 and P = 0.0001, respectively). In addition, the production of IL-10 was higher in group I than in group II (P = 0.0001; Figure  2C ).
Discussion
Non-typeable Haemophilus influenzae is commonly found in the pharyngeal flora of children and adults. In addition to its role as a commensal, NTHi is a major cause of respiratory tract infections in children such as acute otitis media (AOM), acute sinusitis, and pneumonia especially in developing countries (17) . In addition, NTHi is implicated in chronic infections of the lower respiratory tract in adults, such as chronic obstructive pulmonary disease (COPD) and chronic bronchitis (18) (19) (20) (21) (22) . NTHi does not express a capsule; for this reason, research for optional vaccine candidates has been focused on outer membrane proteins (23) . Several NTHi outer membrane proteins continue to be investigated as possible vaccine antigens, but most of these antigens have no effect against infections caused by NTHi and other encapsulated serotypes (6, 24, 25). To produce a broad-spectrum vaccine against infections caused by NTHi, we utilized the outer membrane PD from NTHi as protein antigen (26) .
Protein D expression is important to NTHi virulence in the respiratory tract, as shown in both in vitro and in vivo experiments. In a rat model of otitis media, a PD-deficient strain demonstrated 100-fold decreased virulence in comparison to the PD-expressing strain (8). Moreover, a PDexpressing strain was shown to cause considerably higher damage to cilia in a human nasopharyngeal ex vivo tissue culture model than a PD-deficient strain (27) . In particular, the protective efficacy of PD was demonstrated by employing models of otitis (chinchilla model of otitis media) (28, 29) . Protein D was even selected to serve as an active carrier protein for HBsAg against NTHi (30) . An 11-valent pneumococcal polysaccharide vaccine with a PD carrier demonstrated protection against both vaccine-type pneumococcal otitis and disease due to NTHi (31) .
These clinical studies failed to demonstrate a clear correlation between serum antibody levels and PD immunization in children. A functional assay measuring inhibition of PD phosphodiesterase activity in serum samples of children immunized with the PD conjugate vaccine was described, but an imperfect correlation was noted between serum PD antibody levels and functional antibody activation (7, 32, 33) . In this study, we used PD with two adjuvants (OMV and Freund), which was injected into mice at 0, 14, and 28 days according to the protocol. We then analyzed the opsonophagocytic activity of the antibody and levels of IL-4, IL-10, and IFN-γ. Cytokines play a considerable role in immune responses against NTHi. IL-4 and IL-10 modulate the differentiation toward Th2 responses.
Humoral immunity responses are activated by Th2 and produce specific antibodies. These antibodies are increased steadily by the production of these cytokines (34) . In this test, we have seen a small amount of opsonophagocytosis activity (30%) in sera of experimental groups at two weeks after the first injection (serum 1). We also demonstrated that booster immunization can increase opsonophagocytic activity from 30% (serum 1) to 90% (serum 3). The growth of IL-4 and IL-10 cytokines in the culture supernatants following stimulation with PD also proved this enhancement in opsonic antibody and opsonophagocytic killing activity percentage. In a previous study, the PD of NTHi has been demonstrated to induce humoral immune responses (Forthcoming). As a result, we can say that humoral immunity increased when PD was administered with adjuvants.
Non-typeable Haemophilus influenzae can reside within macrophages and epithelial cells, and macrophages are also vital to the binding and phagocytosis of NTHi; thus, it is conceivable that protective immunity towards NTHi employs immune strategies similar to those against other intracellular respiratory pathogens (35) (36) (37) . The antigenspecific T-cell responses are supported for a longer period than the associated antibody titres, emphasizing the importance of cell-mediated responses in protective immunity against intracellular pathogens. Cell-mediated immunity or T-cell immunity is an immune response that activates macrophages, natural killer cells, and T-lymphocytes, enabling them to destroy pathogens and stimulating the cells to secrete a variety of cytokines in response to an antigen (38) (39) (40) . CD4 + T-cells comprise functionally distinct populations characterized by specific cytokine profiles produced in response to antigens (41) (42) (43) .
The presence of IFN-γ is highly indicative of Th1 response (44) . The IFN-γ cytokine enhances the expression of co-stimulatory molecules to aid recognition by T-cells and regulates the differentiation to Th1 responses (45, 46) . This cytokine stimulates production isotypes of antibodies, such as IgG2a, in mice that activate the complement system, macrophages, and subsequent opsonophagocytosis activity (47) (48) (49) . King PT suggested that CTL and NK cell responses may be important in preventing infection caused by NTHi, and levels of IFN-γ were significantly higher in the control group than in bronchiectasis patients. Thus, this cytokine may play an important role in preventing infection from NTHi (50).
In this study, an increase in IFN-γ cytokine in the culture supernatants following stimulation with PD demonstrated the augmentation of opsonic antibody and opsonophagocytosis activity in sera. In addition, an increase in IFN-γ elevates the Th1 responses and creates the cellular immunity response. In this research, we evaluated the functional activity of the antibodies generated following injection of PD with adjuvants already reported to have protective properties in mouse models, and we demonstrated a fundamental immunological role for PD in protection against NTHi via production of opsonic antibodies. Production of opsonic antibodies is important for both innate and acquired immunity in the infections caused by NTHi, and it plays a vital role in opsonophagocytic activity (51, 52) . Our data propose that cytokine responses to NTHi can be incremented to promote protective cell-mediated immune responses and that they facilitate the interaction between humoral and cellular immunity. We also suggest that both Th1 and Th2 immune responses were induced and that opsonophagocytic killing activity increased following inoculation.
The main finding of this study is that PD can enhance NTHi-specific cell mediated immune responses and protective responses through antibody production in mice. These results confirm the possibility of using PD as a protein carrier for other antigens. Future research may recognize other immunogenic proteins of NTHi that function better than PD. Identifying the specific cytokines that provide protection from infections of NTHi and developing effective vaccines against NTHi will be important for the prevention of infections.
